ABSTRACT The contribution of Ca2+-activated and delayed rectifying K § channels to the voltage-dependent outward current involved in spike repolarization in mouse pancreatic B-cells . J. Physiol. 374:531-550) was assessed using patch-clamp techniques. A Ca2+-dependent component could be identified by its rapid inactivation and sensitivity to the Ca 2 § channel blocker Cd z+. This current showed the same voltage dependence as the voltageactivated (Cd2+-sensitive) Ca 2 § current and contributed 10-20% to the total/3-cell delayed outward current. The single-channel events underlying the Ca~+-activated component were investigated in cell-attached patches. Increase of [Ca2+]i invariably induced a dramatic increase in the open state probability of a Ca2+-activated K § channel. This channel had a single-channel conductance of 70 pS ([K § = 5.6 mM). The Ca2+-independent outward current (constituting >80% of the total) reflected the activation of an 8 pS ([K+]o = 5.6 mM; [K+]i = 155 mM) K + channel. This channel was the only type observed to be associated with action potentials in cell-attached patches. It is suggested that in mouse B-cells spike repolarization results mainly from the opening of the 8-pS delayed rectifying K + channel.
INTRODUCTION
Patch-clamp recordings from mouse pancreatic/3-cells have revealed the existence of a delayed outward K § current (IK) which is not sensitive to [Ca2+] i Zfinlder et al., 1988) . Together with the inward Ca ~+ current this current is able to sustain action potentials in single/$-cells . The delayed outward K + current arises from the activity of K + channels with an approximate single-channel conductance of 10 pS (Kv; Rorsman and Trube, 1986; Zfinkler et al., 1988) . Studies on tumoral RINm5F-cell have led to the suggestion that a sizeable fraction of the outward current underlying spike repolarization is due to the activation of Ca P+-and voltage-dependent K + channels of large unitary amplitude (Kc~; Findlay and Dunne, 1985; Velasco and Petersen, 1987) . In the present study we have assessed the relative contributions of Kv and Kc~ to the delayed outward current in normal B-cells. Our results indicate that K v plays a major role in action potential repolarization and that Kc~ might participate in this process.
METHODS

Preparation of Cells for Patch-Clamp Experiments
Pancreatic islets were isolated from NMRI mice by collagenase digestion and dispersed into single cells by treatment with trypsin or shaking in low Ca ~+ solution as previously described . Cells were plated on Falcon petri dishes and maintained for 1-4 d in RPMI 1640 tissue culture medium supplemented with fetal calf serum (10% vol/vol), 100 #g/ml streptomycin, 100 IU/ml penicillin, 50 #g/ml gentamycin, and 5 mM glucose.
Electrophysiology
We used the whole-cell, outside-out and cell-attached configurations of the patch-clamp technique (Hamill et al., 1981) . Pipettes were pulled from borosilicate and aluminosilicate glass (Hilgenberg, GmbH, Malsfeld, FRG) , coated with Sylgard near their tips and fire-polished. They had resistances of 2-5 M~2 when filled with KCI solution. Currents were recorded using an EPC-7 patch-clamp amplifier (List Electronic, Darmstadt, FRG) . Pulse protocols were generated by a microcomputer. Unless otherwise stated pulses were 500 ms long and applied at a rate of 0.33 Hz. Membrane potentials were recorded using the current-clamp mode of the whole-cell configuration. Data were stored on videotape using a VCR (SL-2000; Sony, Tokyo, Japan) and a modified digital audio processor (PCM-F1; Sony, Tokyo, Japan). All electrophysiological experiments were performed at room temperature (19-25~
Data Analysis
Records were digitized using a Labmaster ADC (Scientific Solutions, Solon, OH). Unless otherwise indicated, whole-cell currents were digitized at 400-500 Hz without prior filtering. Single-channel records were filtered at 1-2 kHz (-3 dB) using a 4-or 8-pole Bessel filter and digitized at 2-4 kHz. Leakage and capacity currents were removed by subtraction of the scaled response to an average of eight 20-mV depolarizing pulses (whole-cell experiments) or using sweeps that did not contain any channel openings (single-channel experiments). The digitized current values were used to form amplitude distribution histograms and the singlechannel currents estimated by fitting Gaussians to the peak corresponding to one open channel. The value of the open probability (Po) was estimated for each pulse assuming that the maximal number of channel superimpositions (N) corresponds to the actual number of channels within the patch. The single-channel amplitude (i) and zero-current level were determined by eye using cursors and the total current (I) during each 500-ms pulse was calculated by integration. P,, was then estimated using the equation:
The reference potential for all measurements was the zero-current potential of the pipette before establishment of the seal. Potentials have not been corrected for liquid junction potentials. Results are presented as mean values _+ SEM for indicated number of experiments. Statistical significances were evaluated using Student's t test.
Solutions
The composition of the different extra-and intracellular media is given in Table I . 3 mM Mg-ATP was included in all intracellular media to suppress the ATP-dependent K + current (Rorsman and Trube, 1985; Trube et al., 1986) . We chose to block Ca ~+ influx by using the inorganic Ca z+ antagonist Cd ' 2+ instead of organic Ca 2+ antagonists such as D-600, since the effects of the latter compounds are not or only slowly reversible.
Measurements of the Cytoplasmic Free Ca 2 + Concentration and Insulin Secretion
Pancreatic islets were isolated from obese hyperglycemic mice, disrupted into single cells, and cultured overnight as previously described (Arkhammar et al., 1986) . Cell suspensions were Compositions of the different extracellular (A-C) and intracellular (D-E) media are given (in millimolar). In the extracellular media, pH was adjusted to 7.4 with NaOH or KOH and in the intracellular media, it was adjusted to 7.15 using KOH as indicated beneath the columns. The values within the parentheses indicate that the compound was not usually present, but was added at the concentration given when included. The free concentration of Ca ~+ was calculated as 0.06 #M in all intracellular media, using the binding constants of Martell and Smith (1974) .
incubated in the presence of 1 #M fura-2/acetoxymethyl ester (Sigma Chemical Co., St. Louis, MO) during 45 min and subsequently loaded into a microflowcell. Briefly, a glass capillary with a volume of 30 #1 was filled with fura-2-1oaded cell aggregates mixed with Bio-Gel P4 polyacrylamide beads (Bio-RAD, Richmond, CA). The microcolumn was fixed and placed in the thermostatted cuvette compartment of a spectrofluorometer (LS5; Perkin-Elmer, Beaconsfield, UK). The flowcell was perfused with extracellular solution A (containing 1.3 mM Ca ~ § and supplemented with 1 mg/mi albumin) either at +37~ or at room temperature (20-22~ The excitation wavelengths were 340 and 380 nm and the emitted light was recorded at 510 nm. The flow rate in the system was 150 gl/min and the perfusate was collected in 1-min fractions and assayed for insulin using crystalline rat insulin as the standard. The 340/380 fluorescence ratio directly reflects the cytoplasmic free Ca ~+ concentration ([CaZ+] i) and absolute values can be calculated if the ratios at saturating (Rm=) and very low Ca 2+ concentrations (Rm~,) are known (Grynkiewicz et al., 1985) . However, these values represent averages for the whole cell and might underestimate changes in [Ca2+]i just beneath the plasma membrane, which are of importance for channel regulation.
RESULTS
Biphasic Inactivation of IK
The pancreatic/3-cell has previously been shown to possess a delayed rectifying K + current (Iv~v) which is little affected by the intracellular Ca 2+ concentration man ) and removal of extracellular Ca ~+ (Z/inNer et al., 1988) . Ia.v has previously been shown to inactivate monoexponentially with a time constant of several seconds . However, careful inspection of the current records reveals the presence of an additional current component in >50% of the cells which inactivates completely within 100-200 ms. Fig. 1 shows currents recorded from a cell containing an unusually large fraction of the rapidly inactivat-ing component. Outward currents were first observable during a depolarization to -30 mV. With more positive voltage commands, both the peak and steady-state currents (measured at the end of the pulse) increase but the relative contribution of the inactivating component becomes progressively smaller. During depolarizations to voltages beyond + 30 mV the inactivating current decreases whereas the steadystate current still increases. At +50 mV the current response almost entirely consists of the noninactivating component. Fig. 1 C shows the current-voltage (I-V) relationships of the peak (e) and the sustained currents (o) . Whereas the peak current shows an N-shaped I-V with a trough at +35 mV, the sustained current increases linearly with the applied voltage. Fig. 1 D shows the I-V of the difference between the peak and sustained currents corresponding to the inactivating component (i). This produces a bell-shaped curve that is small at voltages more negative than -30 mV, maximal at ~ + 20 mV, and then decreases at more positive potentials. These voltages are roughly similar to those previously reported for the Ca 2+ current in mouse /3-cells Plant, 1988) suggesting that it is produced by Ca 2+ influx. It should be emphasized that most cells had much smaller inactivating components than those illustrated here and the contribution of the Ca2+-activated K + current (lynch) to the 0-cell I K could not be assessed this way.
Effects of lnorganic Ca 2+ Channel Blockers and Increasing Extracellular Ca 2+ on IK, v
The experiments in Figs. 2 and 3 were performed to develop the conditions to separate I~c~ from the total outward current with minimal interference with Iv~v. These experiments were performed on cells in which Iv~v predominated as evidenced by the absence of a rapidly inactivating component (cf. Fig. 1 ). Fig. 2 shows the effects of applying inorganic Ca 2+ channel blockers and also of increasing extracellular Ca 2+ concentration on Iv~v. The addition of Co 2+ and Mn 2+ at concentrations necessary to block the Ca 2+ current (5 mM; Rorsman and Trube, 1986) and after the addition of 7.6 mM Ca 2 § (o), 0.2 mM Cd ~ § (/x), 5 mM Co 2+ (0), and 5 mM Mn 2+ UT). Normalized tail current amplitudes (//Im~x) are plotted vs. the potential (V) of the test pulse. Values are means -+ SEM of three (D and F) or five (C and E) experiments. The sigrnoidal curves were drawn by fitting the mean values of the data points to Eq. 2. The average of points corresponding to the three most depolarized potentials in the control solution was taken as unity (Imax). Control solution was the standard extracellular solution A containing 2.6 mM Ca e+. The pipette contained intracellular solution D. The effects on the current gating were analyzed in cells with minimal Ca2+-dependent K § current components (no rapidly inactivating current).
reduced IK.v. Similar effects, although less pronounced, were observed when adding 0.2 mM Cd 2+ and surprisingly when increasing the extracellular Ca ~+ concentration to 10.2 mM. The latter effect could be interpreted in terms of a shift in the gating of lv.v. It is well known that increasing the Ca ~+ concentration shifts the activation of voltage-dependent currents towards more depolarized voltages (Hille, 1984) and it is therefore essential to investigate the effects of the divalent cations on the gating of Iv~v.
Effects of Divalent Cations on Itc, v Activation
The effects of the divalent cations on the gating of Iv~v were explored using a standard two-pulse protocol. Outward currents were elicited by voltage pulses going to potentials between -52 and +55 inV. The cell was subsequently clamped at -50 mV to reveal outward tail currents. Fig. 3 shows the tail currents obtained after pulses to voltages between -42 and +17 mV under control conditions (A) and after addition of 5 mM Co ~+ (B). It can be seen that Co ~+ induces a shift of ~-10 mV in the positive direction. Whereas half-maximal activation is seen at ~-20 mV under control conditions, a pulse to -10 mV is necessary to evoke a similar response in the presence of Co 2+. The results of several experiments in control solution and after addition of Ca ~+ (final concentration, 10 raM), Cd ~+ (0.2 mM), Co ~+ (5 mM), and Mn ~+ (5 mM) are shown in Fig. 3 , C-F. The data points of the individual experiments under control and test conditions were fitted to the Boltzmann distribution:
where I is the tail current amplitude, I~, is the maximal tail current, V is the voltage during the depolarizing pulse, Vh is the membrane potential at which 50% activation is attained, and k is the slope factor. Under control conditions, values of Vh and k of -19 _+ 2 mV and 8.01 + 0.95 mV, respectively (n = 5) were obtained. This value of Vh is similar to that previously reported . The effects of the divalent cations on these parameters are summarized in Table II . It can be observed that all ionic modifications shift the gating of the outward current by 5-10 mV towards more depolarized voltages. It should be noted that Mn 2+ and Co 2+ reduced the maximal tail current amplitude. This might reflect a direct blocking action of the high concentrations of these divalent cations on the delayed rectifying K § channels. For the further characterization of the Iv~c~, Cd 2+ (50-200 #M) was used because it causes the least interference with the gating of I~, v.
Isolation of lK, c~
In Fig. 4 the Ca~+-dependent outward K § current is separated from the total delayed outward K + current using 200 #M Cd ~+. In this cell the current thus obtained rapidly activates (within 20 ms) and inactivates (within 100 ms). The I-V relationships obtained in the control solution, after adding Cd ~+ and after subtraction, are shown in Fig. 4 B. The Cd2+-sensitive current is small at voltages more negative than -30 mV, maximal at -+ 20 mV, and then decreases at more positive potentials with an extrapolated "reversal" at ~ + 70 inV. These voltages are coincident with those previously reported for the Ca ~+ current in mouse/3-cells (Rorsman and Plant, 1988) . This component is observable as a convexity of the control I-V relationship in 70% of the cells (n = 54). More than 75% of such cells also displayed a rapidly inactivating time course of the current response (cf. Fig. 1 ). Both the convexity of the I-V's and the inactivating current component disappeared within 10-15 rain. This time course is similar to that of the rundown of the Ca r+ current under these experimental conditions. The Cd~+-sensitive K + current is relatively small and amounts to only 10-20% of the total outward current at + 20 rnV.
With high intracellular EGTA, [Ca2+] i transients can be expected to be suppressed resulting in attenuation of the Kc~ responses. In a series of experiments we therefore used 0.1 mM EGTA (intracellular solution E). This did not lead to an increase in Kc~ contribution. It was ascertained in separate experiments that the 3-cell retains voltage-dependent Ca ~+ currents under the latter experimental conditions.
Effects of High External K + on the Cytoplasmic [Ca2+]i and Insulin Release
To study the type of K § channel, which is activated by Ca ~+ influx and thus underlies IK.c~, single-channel activity was recorded from cell-attached patches before and after elevation of [Ca2 § i. 1987 ). This increase is of a magnitude similar to that obtained when the 15-cells are exposed to 90 mM glucose (Rorsman et al., 1984; Arkhammar et al., 1987) . As shown in Fig. 5 These experiments were performed in cell-attached patches to avoid the problem with rundown of the Ca 2+ channels, which takes place in isolated patches making it difficult to quantitatively study the effects of Ca 2+ influx on Kc~ activity. Openings of Kc~ are rare under basal conditions. Most sweeps contained openings of a K + channel with an amplitude of -0.5 pA, which probably corresponds to the 10-pS channel seen in outside-out patches (see Fig. 10, below) . After the increase of [Ca2+]i, the activity of Kc~ increases dramatically and occasionally as many as three to five simultaneous channel openings are observed (Fig. 6 B) . This channel inactivates fairly rapidly and at the end of the 400-ms depolarization, channel openings were rarely observed. The associated mean currents are shown in Fig. 6 , C-D. It is clear that, although activating and inactivating somewhat slower, the associated mean current obtained in high [K+] o resembles the whole-cell I~c~ (Figs. 1 and 4) . In four cell-attached patches the average increase of the associated mean currents induced by elevation of [K+]o corresponded to 5.5 _+ 1.2 pA.
The patch potential is the sum of the cell's membrane potential and the voltage applied to the pipette. The gating of Kc~ is known to be highly voltage dependent (Cook et al., 1984; Velasco and Petersen, 1987) . The single-channel current amplitude can be used to monitor changes in the membrane potential. In the control solution, the single-channel amplitude obtained from a Gaussian fit to the amplitude distribution histogram was 5.6 _+ 0.9 pA (n = 4). After the increase of [K+]o a value of 5.7 + 0.3 pA (n = 4) was obtained. This indicates that the voltage sensed by the channel was the same under both experimental conditions and it can therefore be concluded that the observed stimulation of Kc~ activity is attributable to the increased [Ca2+]i.
The single-channel conductance of the channel activated by elevation of [Ca~+] i was 72.5 + 3.5 pS (n = 3) in the voltage range -30 to 30 mV. This value is close to that reported for a K + channel activated by Ca 2+ influx in RINm5F-cells under comparable experimental conditions (Velasco and Petersen, 1987 ). An estimate of the single-channel K + permeability (PK) was obtained by fitting the observed data points to the Goldman-Hodgkin-Katz (GHK) equation. The single channel PK is then given by:
where voltages are in volts and R, T, and F have their usual meanings.
[K+]i was assumed to be 120 mM (Meissner et al., 1978) and [K+] o was 5,6 mM. A value ofP K of 3.1 + 0.2 x 10 -is cmSs -1 (n = 3) was obtained.
Effects of High [Ca2+]~ on Open Probability of Kc~
The effects of increased [Ca~+] i on the channel's open probability is summarized in 5B ).
IK.v Recorded with High [K+]o
We then turned to the question of which type of K § channel is involved in action potential repolarization. This can be established directly by recording K + channel currents activated by action potentials in cell-attached patches. In the presence of normal ionic gradients, K + channels reverse at voltages close to the resting membrane potential and channel openings can only be visualized by depolarizing the patch. However, both Ir~v and Ir~ca inactivate during sustained depolarization. Openings of K + channels activated by action potentials could therefore not be studied under these experimental conditions. The use of pipettes containing high [K + ] facilitates the recording of K § channels at voltages close to the K + equilibrium potential. To enable direct comparison with the whole-cell currents it was essential to investigate the properties of I~v when recorded in high [K+]o. Fig. 8, A-B shows Iv~v recorded with normal 5.6 mM [K § and after an increase to 146 mM, respectively. It can be observed that the currents show little rapid inactivation and it may therefore be assumed that these currents reflect predominantly the activity of IK, v. Fig. 6 . Po was determined as described in text. B indicates the change in patch potential. After addition of 25 mM K § the patch was hyperpolarized by 30 mV to compensate for the depolarization.
inward currents. The currents become observable at voltages more negative than those required in the normal extracellular solution. However, this is probably not attributable to a shift in the activation properties. The whole-cell current (I) is given by the expression I = NiPop~ . where N is the number of channels in the cell, i the single-channel amplitude, and Pope, the open probability of the channel. As will be shown in Fig. 10 , the single-channel currents at negative voltages are much smaller with normal [K+] o than in the presence of 146 mM. The observed whole-cell currents will consequently be considerably larger in the latter solution despite a similar degree of channel activation. Fig. 9 compares the time course of Is, v activation in normal (5.6 mM; A) and increased [K+] o (146 mM; B). As illustrated in Fig. 9, A-B , the activation of the K + currents could be described by n 9 kinetics where n(t) = n| (-t/r)] (cf. Hille, 1984) . The results of four experiments are summarized in Fig. 9 in the normal extracellular solution (o), the time constant of activation (r) varied little in the voltage range -20 to + 50 inV. Activation was two to three times slower in the presence of 146 mM (e) than in 5.6 mM [K+] o at all voltages negative to +20 mV. Activation also showed more pronounced voltage dependence, being more rapid during larger depolarizations (cf. Fig. 8 B) .
Time Course of lx, v Activation in Normal and High [K+]o
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Single Delayed Rectifying K + Channels Fig. 10 shows the single K + channel events observed during membrane depolarization in an outside-out patch. The most commonly observed channel had an amplitude of ~0.5 pA during pulses to 0 mV, when recorded with normal ionic gradients. Often as many as 10 simultaneous openings of this channel type were observed within the same patch. Typical sweeps containing this channel are shown in Fig.  10 A. The associated mean current produced by 97 sweeps is shown in Fig. 10 B.
The current shows delayed activation (maximum reached within 50 ms) and does not inactivate much during the 500-ms depolarization. This behavior resembles that of the whole-cell IK.v (cf. Fig. 2) , suggesting that the delayed rectifying whole-cell current flows through these channels. This conclusion is reinforced by the observa- tion that the whole cell and these single-channel currents have the same sensitivity to the K + channel blockers tetraethylammonium (TEA) and quinine (Bokvist et al., 1990a) . 3 pS (n = 15) was observed in the voltage range -40 to +50 mV with an extrapolated reversal at --60 mV. This value of 3' is similar to those previously reported from cell-attached and outside-out patches Zfinkler et al., 1988) . After [K+] o increased to 146 mM, the reversal potential of the i-V relationship was shifted to 0 mV and "g increased to 15.5 + 0.9 pS (n-7) whereas PK was not affected and averaged 2.8 +-0.2 x 10 -14 cmSs -1 (n = 7). /3-cell action potential (seen as a biphasic current deflection; cf. Fenwick et al., 1982) fails to activate channels within the patch. The lower three traces show examples where the passing of an action potential leads to the activation of one, two, and three channels. The current amplitude of the individual openings was measured during the "tail-current phase" when repolarization of the action potential was complete. A stable single-channel current amplitude of 0.7-0.8 pA was observed.
The interspike membrane potential of the cell was estimated to be -50 mV from the amplitude of an opening of the ATP-regulated K § channel. A similar value of the interspike voltage has been observed in current-clamp whole-cell recordings . The current amplitude of the channel activated by the action potentials is in good agreement with that observed for K v in the outside-out patch experiments at a membrane potential of -50 mV (Fig. 10, C-D) . It is evident that the channels start opening during the repolarization phase of the action potential. The exact onset of channel activation is difficult to determine since the single- channel K + currents reverse at about 0 mV with the present ionic gradients and will consequently be quite small at times corresponding to the peak of the action potential. However, the whole-cell experiments suggest that activation of Kv will be two to three times faster with normal extracellular [K+]o (cf. Fig. 9 C) . It is therefore likely that under physiological conditions Kv not only participates in but also initiates action potential repolarization. Other types of K + channels were never observed to be activated by action potentials. We therefore suggest that in normal B-cells spike repolarization results mainly from the opening of K v.
DISCUSSION
Magnitude and Characteristics of ls~c~ in Pancreatic O-Cells
The voltage range where Ir~c~ is observed overlaps that of the Ca e § current recorded in/3-cells, strongly suggesting that it is in fact activated by an influx of Ca ~+. However, Ir, c~ is much less prominent in pancreatic B-cells than in many other cell types, where large Ca~+-dependent humps are seen on the whole-cell I-V relationships (Heyer and Lux, 1976; Marty and Neher, 1985; Ritchie, 1987) . In most/3-cells the contribution of Ir~c~ is reflected only as a small convexity on the I-V relationship. The Ca~+-dependent component also did not increase when the internal Ca~+-buffering capacity was reduced by lowering the concentration of EGTA to 0.1 mM. A similarly weak correlation between the size of Ir~c~ and the concentration of EGTA has already been observed in chromaffin cells (Marty and Neher, 1985) . Measurements of a Cd~+-sensitive outward K + current component using the perforated patch whole-cell configuration (nystatin technique; Horn and Marty, 1988) indicated that even in the intact B-cell, Ii~c~ does not contribute > 10-20% to the delayed outward K + current (Smith, P.A., F.M. Ashcroft, and P. Rorsman, unpublished observations). Iv~c~ inactivates completely within a few hundred milliseconds. It is therefore likely that the inactivating K + current component regularly observed in whole-cell recordings, at least in part, is attributable to I~c~.
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